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environomic evaluation
[flowsheeting software] [MILP solver]
[Process design framework ‘OSMOSE’ implemented in Matlab]
decision variables
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Gasification
Wood
H2O(v)
residuals and
condensates
H2O(v)
Drying
Gas cooling
and clean-up
Methane
synthesis
Q+ (80-250°C)
H2O(v)/O2
Q+ (800-900°C) Q
- (300-400°C)
H2O(l)
SNG
upgrading
fumes
Combustion
catalytic
combustion
depleted streams
SNG
fumes/
CO2
air
air
fhot gas,c
yhot gas,c
fcold gas,c
ycold gas,c
fwood,c
ywood,c
fg fgc fm
ff,c ff,cc
hydrogen
recycling
heat recovery system
Q- (800-150°C)
Q- (800-150°C)
ps,p , Ts,s ,fp
Ts,ui ,fs,ui ,
 Ns,u
Q- (>400°C)
heat exchanger network
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T d,in             

pd       
Φd,wood =
           	  	  	
4 	 '	 
	

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 Tm,in  	 	 	 	 	 	

Tm,out  	 	 		 	 	 	 
pm      	    
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	 7> 7> 	 	 7>
Ws,n 1  	  	  	  	  	 1
rCO2,rem = 1 1 1 1 1 

rCH4 = 1   1 1 
θ1 1  1 1   1
θ2 1  1 1 	 	 1
pf 1  	 1 1 	 		 1
pf 2   1 1     1
pf 3   1 1 	  1
sin,2 1  1 1   1

	 	 ps,p  
      
   
T s,s  
   	 	  
N s,u 1 	 	 	 	 	 	
T s,u3   
         
T s,c         
 
!-		 SNG = 
 	     
el = 	 	
      
th =     
    	
 = 
  
	 
	    

η = 	 
 
   
chem = 
 
 
 
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Cbiomass,be e ,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GasificationWood
H2O(l)
0.96 kg/s
residuals and
condensates
(partly to combustion)
Steam drying Gas cooling and
cold cleaning
Methanation
Q+ (180°C)
Q+ (900°C)
4.2 MW Q
- (<399°C)
H2O(l)
0.53 kg/s
TSA, PSA, memb. 
& compression
fumes
0.51 kgCO2/s
Combustion catalytic
combustion
depleted stream
0.74 kg/s
SNG
fumes/CO2air
pre-
heated
air
20 MWth
2.15 kg/s
Φ=50% hydrogen
recycling
heat recovery system
Q- (800-150°C)
Q- (800-150°C) Q- (>400°C)
5 bar, 180°C, 10%wt 1 bar, 850°C
H2O(v)
0.42 kg/s
300°C
1 bar, >900°C
1.19 kg/s
100°C
char: 1.8 MW
0.05 kg/s
19.6 MW
1.56 kg/s
850°C
16.5 MW
1.13 kg/s
25°C
3.1 MW
0.21 kg/s
0.22 kg/s
4.4 bar, 399-329°C
H2O(v)
0.44 kg/s
399°C
15.3 MW
1.07 kg/s
25°C
0.03 kg/s
14.1 MW
0.30 kg/s
25°C, 50 bar
600°C
400°C 0.75 kgCO2/s
production: 86.8 bar, 549°C
utilisation: 15.0 bar, 198°C
0.02 bar, 21°C
electricity
0.76 MW
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GasificationWood
H2O(l)
0.90 kg/s
residuals and
condensates
(partly to combustion)
Steam drying Gas cooling and
cold cleaning
Methanation
Q+ (180°C)
Q+ (900°C)
4.4 MW Q
- (<396°C)
H2O(l)
0.54 kg/s
3+1 membranes
& compressions
fumes
1.28 kgCO2/s
Combustion
SNG
pre-
heated
air
20 MWth
2.15 kg/s
Φ=50% hydrogen
recycling
heat recovery system
Q- (800-150°C)
Q- (800-150°C)
5 bar, 180°C, 14%wt 1 bar, 850°C
H2O(v)
0.36 kg/s
300°C
1 bar, >900°C
1.25 kg/s
100°C
char: 1.8 MW
0.05 kg/s
19.6 MW
1.56 kg/s
850°C
17.4 MW
1.19 kg/s
25°C
2.2 MW
0.15 kg/s
0.22 kg/s
12.2 bar, 396-326°C
H2O(v)
0.46 kg/s
396°C
15.6 MW
1.13 kg/s
25°C
0.02 kg/s
13.4 MW
0.29 kg/s
25°C, 50 bar
600°C
production: 97.8 bar, 531°C
utilisation: 15.0 bar, 198°C
2.11 bar, 122°C
0.96 bar, 99°C
electricity
ind. heat
0.36 MW
3.4 MW
110/70°C
2.0 MW
0.82 kg/s
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	 7> 7> 	 	 7>
Ws,n 1  	  	  	  	  	  	
rCH4 = 
 
 
   

psel  1 	 	 1 1 	
Asel 1 1  	  	 1 1  	
θ1 1  1 1   1
θ2 1   1 1   1
pf 1  	 1 1 		 		 1
pf 2  	  1 1   1
pf 3  		 1 1   1
sin,2 1  1 1   1

	 	 ps,p     	   	        
T s,s       
N s,u 1    	 	 	
T s,u3      
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GasificationWood
H2O(l)
0.94 kg/s
Steam drying Hot gas
cleaning
Methanation
Q+ (185°C)
O2
0.26 kg/s
(281 kWel)
Q- (<375°C)
H2O(l)
0.60 kg/s
Selexol, memb. 
& compression
catalytic
combustion
depleted stream
1.14 kg/s
SNG
fumes/CO2air
20 MWth
2.15 kg/s
Φ=50% hydrogen
recycling
heat recovery system
Q- (800-375°C)
Q- (>400°C)
5 bar, 185°C, 11%wt 29 bar, 800°C
H2O(v)
0.40 kg/s
300°C
1.21 kg/s
100°C
17.4 MW
1.87 kg/s
800°C
29 bar, 375-300°C
H2O(v)
0.20 kg/s
375°C
15.8 MW
1.49 kg/s
25°C
0.02 kg/s
15.0 MW
0.33 kg/s
25°C, 50 bar
400°C 1.15 kgCO2/s
production: 115 bar, 546°C
utilisation: 9.58 bar, 178°C
0.02 bar, 21°C
electricity
0.80 MW
17.4 MW
1.87 kg/s
375°C
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GasificationWood
H2O(l)
0.96 kg/s
Steam drying Hot gas
cleaning
Methanation
Q+ (181°C)
O2
0.26 kg/s
(278 kWel)
Q- (<344°C)
H2O(l)
0.59 kg/s
3+1 membranes
& compressions
depleted stream
1.18 kg/s
SNG
fumes/CO2air
20 MWth
2.15 kg/s
Φ=50% hydrogen
recycling
heat recovery system
Q- (800-344°C)
Q- (>400°C)
5 bar, 181°C, 10%wt 30 bar, 800°C
H2O(v)
0.42 kg/s
300°C
1.19 kg/s
100°C
17.4 MW
1.87 kg/s
800°C
30 bar, 344-303°C
H2O(v)
0.20 kg/s
344°C
15.7 MW
1.49 kg/s
25°C
0.01 kg/s
13.6 MW
0.30 kg/s
25°C, 50 bar
320°C 1.23 kgCO2/s
production: 116 bar, 509°C
utilisation: 8.96 bar, 175°C
0.99 bar, 99°C
electricity
ind. heat
0.89 MW
4.0 MW
110/70°C
17.4 MW
1.87 kg/s
344°C
Combustion
1 bar, >900°C
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SNG
CO2
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Pretreatment
Q+ (200-300°C)
Product
separation
Salt
separation
Gasification
Q+ (400-500°C)
Q- (100-400°C)
H2O(l),
depleted gas
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biomass → (hemi−)cellulose + lignin
J
(8bmH?bmO → (1− r˜lignin) (8celH?celO + r˜lignin (8ligH?ligO  !

J celH =
bmH − ligH
1− r˜lignin + ligH
celO =
bmO − ligO
1− r˜lignin + ligO
r˜lignin =
m˜biomass
m˜lignin
rlignin
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(hemi−)cellulose + water → acetic acid + formic acid
+ acetaldehyde + methanol
J
(8celH?celO + r˜H2O 82? → r˜acetic acid (83(??8 + r˜formic acid 8(??8
+ r˜acetaldehyde (83(8? + r˜methanol (83?8
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r˜acids =
r˜acetic acid
r˜formic acid
=
c˜acetic acid
c˜formic acid
=
c˜acetic acid+glucose
c˜formic acid
= 3.82  !
r˜alcohol/aldehyde =
r˜methanol
r˜acetaldehyde
=
c˜methanol
c˜acetaldehyde
= 3.57  
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lignin → phenol + furfural + glycerol
J
(81.14?0.38 → 0.072 (686? + 0.086 (584?2 + 0.045 (388?3  	!
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wet wood
(chipped)
air
dried wood
rotary air dryer
humid air Td,in
Φd,wood
heat recovery from humid air
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wet wood
(chipped &
pressurised)
dried wood
Φd,wood
superheated
steam, Td,in
fixed bed steam
dryer, pd
heat recovery
from excess steam
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dried wood
Φd,wood
torrefaction
unit
torrefaction gas & steam
Tt,in
torrefaction gas,
to combustion
waste water,
to treatment
torrefied
wood
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dried (& opt. torrefied)
wood
steam generation
producer gas, to gas cooling & cleaning
char,
to combustion
ash
additional fuel, chosen by MILP
air preheating
flue gascyclone
fluidised bed
gasification
fluidised bed
combustion
hot bed
material
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dried (& opt. torrefied),
pressurised wood
steam generation
producer gas,
to gas cooling & cleaning
ash
cyclone
fluidised bed
gasification,
pg
oxygen compression
& preheating
oxygen, from
plant or storage
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raw, hot
producer
gas
particle
filter
scrubber
(tars, ammonia)
to phase separation
and combustion
producer gas compression to pm
guard beds
(sulphur)
to methanation
or water-gas shift
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raw, hot
producer
gas
particle
filter
guard beds
(sulphur)
to methanation
or water-gas shift
(catalytic)
gas treatment
(tars, ammonia)
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clean, compressed
producer gas
steam generation
water-gas shift
reactor, pm
CO2 separation
(phys. absorption or PSA)
to methane
synthesis
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steam generation
producer gas,
from gas cleaning
or water-gas shift
fluidised bed
methanation,
pm
pressurised hydrogen,
from electrolysis
waste water,
to treatment
crude SNG, to separation
(downstream CO2 removal)
Tm,in
Tm,out
(upstream CO2 removal)
to SNG grid
(upstream CO2 removal)
H2-rich,
compression to pm
and recycling to
methanation
polysulfone
membrane
H2-rich recycling stream from
polysulfone membrane
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producer gas from water-gas shift
or crude SNG from methanation
to methanation
(upstream
CO2 removal)
to SNG grid (downstream CO2 removal)
H2-rich,
compression to pm,
and recycling to
methanationabsorption tower
(packed)
psel, Asel,
Ws,n or rCO2,rem
regeneration
tower
air
vent
gas
recycling
p with respect to rCH4
CO2-rich,
to (cat.) combustion
solvent
recycling
liquid expander
polysulfone
membrane
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producer gas from water-gas shift
or crude SNG from methanation
to methanation
(upstream
CO2 removal)
to SNG grid
(downstream CO2 removal)
H2-rich,
compression to pm
and recycling to
methanation
recycling
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